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Single Shear Bolted Connection tests of G500 1.20mm  











The current design rules on bolted connections of thin sheet steels for 
cold-formed steel structures are applicable for ambient temperature 
condition only. Research on such kind of connections at high 
temperatures is limited. In this study, 47 single shear bolted connection 
specimens fabricated from G500 1.20mm thin sheet steel and 9 coupon 
specimens were conducted by using steady state test method in the 
temperature range from 22ºC to 900ºC. Two failure modes were 
observed in the single shear bolted connection tests, namely the net 
section tension, and bearing. The test results were compared with the 
predicted values calculated from the American, Australian/New 
Zealand and European specifications for cold-formed steel structures. 
In calculating the nominal strengths of the connections, the reduced 
material properties were used due to the deterioration of material at 
elevated temperatures. It is shown that the strengths of the single shear 
bolted connections predicted by the specifications are generally 
conservative at elevated temperatures. Furthermore, the comparison 
between the deterioration of the strengths of connections and that of the 
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Cold-formed structural members which are fabricated from sheet steels 
are widely used in light-weight steel structures, like low-rise residence 
houses, office buildings and garages. Small buildings can be made 
entirely of cold-formed sections, and relatively large buildings are 
often made of welded steel plate rigid frames with cold-formed 
sections used for girts, purlins, roofs and walls (Yu 2000). In 
cold-formed steel structures construction, bolted connections are one of 
the most popular connection types. The North American Specification 
AISI S100 (2007) and Australian/New Zealand Standard AS/NZS 4600 
(2005) for cold-formed steel structures provide design equations of 
bolted connections for different types of failure modes. Rogers and 
Hancock (1998a, 1998b, 1999 and 2000) conducted hundreds of bolted 
connection tests at ambient temperature that focused on the bearing 
strength of the connections, based on which the North American 
Specification AISI S100 (2007) and Australian/New Zealand Standard 
AS/NZS 4600 (2005) have improved the design rules of bolted 
connections subjected to bearing failure. However, investigation on the 
structural behavior of bolted connections of thin sheet steels at elevated 
temperatures is limited. Outinen (1999), Outinen et al. (2001) and Chen 
and Young (2006 and 2007) conducted a series of tests on hot-rolled 
steel and cold-formed steel material at elevated temperatures. 
Numerical investigation of bolted moment-connections of cold-formed 
steel members at ambient temperature (Lim and Nethercot 2003) and 
elevated temperatures (Lim and Young 2007) have been conducted. It 
should be noted that the bolted connection design rules in the North 
American Specification AISI S100 (2007), Australian/New Zealand 
Standard AS/NZS 4600 (2005) and Eurocode 3 (2006) are only 
applicable at ambient temperature condition.  
 
In this paper, the mechanical properties of G500 1.20mm thin sheet 
steel which were used to fabricate the single shear bolted connection 
specimens were firstly determined by tensile coupon tests using the 
steady state test method for the temperature ranged from 22ºC to 900ºC. 
The coupon test results obtained from this study showed a similar trend 
of deterioration of the material properties at elevated temperatures with 
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those obtained by Chen and Young (2007). Based on the reduction of 
yield stress and ultimate stress of the G500 1.20mm thin sheet steel at 
elevated temperatures, 7 critical temperature levels were selected for 
the bolted connection tests in this study. The structural behavior of 
bolted connections were investigated by varied the bolt size, the 
number and arrangement of the bolts in 5 series of tests. Two failure 
modes, namely the net section tension failure and bearing failure were 
observed from the tests.  The test results of the single shear bolted 
connections were also compared with the deterioration of the material 





Testing Device  
 
An MTS 810 Universal testing machine was used to conduct the tensile 
coupon tests. The testing device and test set-up of the coupon tests are 
shown in Fig. 1. The heating device of MTS model 653.04 high 
temperature furnace that contains three independent-controlled heating 
chambers with a maximum temperature up to 1400ºC was used. There 
is an internal thermal couple located inside each heating chamber for 
the measurement of air temperature. Due to the distance between the 
internal thermal couples and the coupon specimen, therefore, the 
temperature obtained from the internal thermal couples is slightly 
different to the temperature of the coupon specimen. Hence, an external 
thermal couple was used to measure the actual temperature of the 
coupon specimen. The external thermal couple was inserted inside the 
furnace and contacted on the surface of the coupon specimen at 
mid-length. The specimen temperature reported in this paper was 
obtained from the external thermal couple. The heating rate of the 
furnace for the coupon tests was approximately 50ºC /min. 
 
The strain of the middle section of the coupon specimen was measured 
by an MTS model 632.54F-11 high temperature axial extensometer. 
The gauge length of the extensometer was 25mm with a range 
limitation of ±2.5mm. In order to obtain the complete stress-strain 
curve of the coupon specimen, the extensometer was reset once it 
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The coupon test specimens were designed according to the Australian 
Standard AS 2291 (1979) using 6mm wide coupons and a gauge length 
of 25mm. The coupon specimens were taken from the thin sheet steel 
along the longitudinal rolling direction of the steels. A total of 9 
specimens were conducted to obtain the material properties of the thin 
sheet steel at elevated temperatures using steady state test method. The 
base metal thickness of the specimens was obtained by removing the 
galvanized zinc coating of the specimens using 1:1 hydrochloric acid. It 
is more accurate to determine the cross sectional area of the coupon 




Steady state test method was used for both the coupon and bolted 
connection tests in this study. The specimen was firstly heated up to a 
certain temperature. The axial load was slowly applied until the 
specimen fail at a constant temperature throughout the test. After 
reaching the pre-selected temperature level, the constant temperature 
was maintained for a period of 7 to 15 minutes, which depended on the 
pre-selected temperature level. This process allows the heat to transfer 
into the specimen. The thermal expansion of the coupon and bolted 
connection test specimens were allowed in this study by unrestrained 
the bottom end of the specimens. Therefore, the specimens were free to 
expand during heating with no axial force applied on the specimens 
before the stabilization of the specimen temperature was achieved. A 
constant loading rate of 0.15mm/min was used which is in accordance 




The mechanical properties of G500 1.20mm thin sheet steel obtained at 
ambient temperature are presented in Table 1. The initial elastic 
modulus (Enormal), 0.2% proof stress (f0.2, normal), tensile strength (fu, 
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normal), ultimate strain (εu, normal) and maximum strain after fracture (εf, 
normal) based on a gauge length of 25mm at normal room temperature 
(ambient temperature) are shown in Table 1. The ultimate strain (εu, 
normal) was determined by taking the strain corresponding to the tensile 
strength. The deterioration of the material properties is expressed by a 
series of reduction factors, as listed in Table 2. The test results of the 
G500 1.20mm thin sheet steel are plotted in Figure 2. The vertical axis 
of these graphs is the normalized reduction factors f0.2, T / f0.2, normal and fu, 
T / fu, normal, while the horizontal axis plotted against the actual specimen 
temperature. The values of 0.2% proof stress (f0.2, T) and ultimate 
strength (fu, T) at elevated temperatures were determined from 
stress-strain curves of the coupon tests. The deterioration of the 
materials as the temperature increases are clearly shown in Figure 2. 
Furthermore, the reduction factors f0.2, T / f0.2, normal and fu, T / fu, normal 
calculated using the equations proposed by Chen and Young (2007) are 
also plotted in Figure 2. It is shown that the 0.2% proof stress (f0.2) and 








The test program consisted of 5 types of single shear bolted connection 
specimens varied in the size of bolt, the number of bolts and the 
arrangement of bolts. The details of the specimen dimension are 
illustrated in Fig. 3. Table 3 lists the dimension values of the notations 
in each bolted connection specimen in Fig. 3. The length of the 
specimen between two grips maintained 560mm after assembly despite 
the different length of the steel plates for each type of specimen, which 
ensure the bolted connection part always located at the center position 
of the furnace. 
 
Two different sizes of bolts were used in this study: M6 Grade 12.9 
bolts, M8 Grade 12.9 bolts. The corresponding size of steel washers 
and nuts were used. Table 4 lists the nominal and actual dimensions of 
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these bolts and the corresponding washers. Standard size of bolt holes 
(do) were adopted according to the AS/NZ 4600 (2005), namely the size 
of bolt hole is 1mm larger than the nominal bolt diameter (d) when d is 
smaller than 12mm, otherwise the size of bolt hole is 2mm larger than d. 
In this study, do in all specimens is 1mm larger than d. Grade 8.8 bolts 
were used during the trail tests, and it was found that most of the bolted 
connection specimens having one bolt failed by bolt shear. Therefore, 
Grade 12.9 bolts were used to avoid bolt shear failure in this study. 
 
The distance between the center of the bolt hole and the end of the plate 
were chosen as three times of the nominal diameter of the bolt, which is 
the minimum requirement for the bearing failure in the AS/NZ 4600 
(2005). It should be noted that the 3d rule has not been experimentally 
investigated at elevated temperatures. In this study, the minimum 
dimension of 3d at elevated temperatures due to the material 
deterioration is investigated. Moreover, tear out failure which usually 
accompanies brittle tear cracks in the sheet steels may appear when the 
edge distance is relatively short.  
 
The test specimens were assembled so that initial bearing of the bolt did 
not occur, rather a random amount of clearance on the sides of the holes 
existed, as found in typical construction (Rogers and Hancock 1998a). 
All bolts were hand-tightened to a torque of approximately 10Nm to 
allow the slipping of the connection after small tension was applied. 
 
Bolted Connection Specimen Labeling 
 
In Table 3, each specimen was labeled by three or four segments in 
order to identify the nominal thickness of the sheet steel, the number of 
bolt, the bolt arrangement and the bolt size and bolt type of the test 
specimen. For example, the labels 120-B1-M6 and 120-B2-V-M6 
define the following specimens:  
 
 The first three numbers indicate the thickness of the thin sheet 
steel used in the specimens (120 = 1.20mm); 
 
 The following symbols are the number of bolt in the specimen 
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(B1 means one-bolt connection, and B2 means two-bolt 
connection); 
 
 The third segment of the label, which is omitted in one-bolt 
connection, represents the arrangement of the bolts in the 
specimen. For instance, the notation „V‟ means the two bolts 
were perpendicular arranged with the loading direction, while 
the notation „P‟ represents the two bolts in the specimen were 
arranged parallel with the loading direction; 
 
 The last part of the label represents the nominal bolt size and 
bolt type (M6 has the nominal bolt diameter of 6mm Grade 





A total of 47 single shear bolted connection specimens including some 
repeated test specimens were experimentally investigated in this study 
under 7 different elevated temperature levels. In general, it is found that 
both f0.2, T and fu, T reduce rapidly between around 300ºC to 600ºC. 
Hence, the nominal temperatures were broken down into 7 levels, 
namely 22ºC, 150ºC, 300ºC, 450ºC, 600ºC, 750ºC, and 900ºC, so that 
the critical temperature will not be missed, and the number of 
specimens can be reasonably optimized.  
 
The bolted connection tests were conducted by the same MTS testing 
machine which was used for the coupon tests. The test set-up of single 
shear bolted connections of G500 1.20mm thin sheet steel at the normal 
room temperature and elevated temperatures are shown in Figs. 4(a) 
and 4(b), respectively. A pair of grip apparatus was specially fabricated 
in order to provide pin assembly at both ends of the test specimen and 
offer purely vertical in-line loading. Clips linked with iron wire were 
used to prevent the extent of out-of-plane curling at the end of the steel 
plate. A couple of transducers were set especially for the ambient 
temperature test to measure the deflection occurred in the overlapped 







Steady state testing method was adopted. The specimen was firstly set 
up with clamping the top end while keeping the bottom free. An 
external thermocouple was set to contact on the surface of the sheet 
steel in the overlap section. The furnace was finally closed and raised 
the temperature to a pre-selected level. The thermal expansion was 
allowed by the unrestrained bottom end of the specimen during the 
heating process. The temperature was held usually around 10 minutes 
after the temperature rose to the expected level, and then the bottom 
end of the specimen was gripped after the stabilization of the 
temperature was achieved. The tensile loading was applied with a 
loading rate of 1mm/min until the loading dropped at least 25% of the 





The test strengths (Pu, normal and Pu, T) of the single shear bolted 
connection specimens at normal room and elevated temperatures are 
given in Table 5. The repeated test specimens were tested mainly at 
around 450ºC due to the consideration of the rapid drop of Pu, T 
occurred in vicinity of this temperature level. Fig. 5 exemplifies the test 
curves of specimen 120-B1-M8 at 7 different temperature levels. All 
the curves have been shifted to remove the displacement due to the 
bolt-slipping during the initial loading stage.  
 
 
COMPARISON OF TEST STRENGTHS WITH PREDICTED 
STRENGTHS 
 
The predicted strengths (Pn) of single shear bolted connections were 
calculated using the design equations given by the AISI S100 (2007), 
AS/NZS 4600 (2005) and EC3 (2006) with consideration of the 
deterioration of the material properties at elevated temperatures. Table 
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5 shows the comparison of the test results with the predicted values 
calculated from the three specifications. Generally, the design rules 
for single shear bolted connections in the AISI S100 are identical to 
those in the AS/NZS 4600. Therefore, the predicted values obtained 
from these two specifications are identical. It is found that the predicted 
strengths (Pn-AISI) of the bolted connections predicted by the AISI S100 
and AS/NZS 4600 are generally less conservative or unconservative at 
temperature less than or equal to 300ºC, while the predications (Pn-EC3) 
based on the EC3 are generally more conservative than the AISI S100 
and AS/NZS 4600. However, the current design formulas in the three 
specifications by substituting the reduced material properties at 
elevated temperatures drastically underestimate the bearing strength of 
the single shear bolted connections, especially when the temperature is 
higher than 450ºC.  
 
It is shown that the strengths of the bolted connections predicted by the 
AISI S100 and AS/NZS 4600 specifications are generally conservative, 
whereas the EC3 predications are even more conservative at elevated 
temperatures. For instance, in Table 5(b), the mean values of Pu, T / 
Pn-AISI and Pu, T / Pn-EC3 are 1.07 and 1.29 with the coefficients of 
variation (COV) of 0.197 and 0.238, respectively, for specimen 
120-B1-M8 at different temperature levels. It is also found that the AISI 
S100 and AS/NZS 4600 generally provide unconservative predictions 
for net section tension failure as shown in Tables 5(e). The mean values 
of Pu, T / Pn-AISI are 0.88 with the corresponding COV of 0.076 for 
specimen 120-B2-V-M6 in Table 5(e). However, this is not the case for 
EC3 predictions. The EC3 generally provides conservative predictions 
for net section tension failure. The mean values of Pu, T / Pn-EC3 are 1.07 
with the corresponding COV of 0.092 for specimen 120-B2-V-M6 in 
Table 5(e).  
 
The comparison (fu, T / fu, normal) of the tensile strength of material at 
elevated temperatures with that at ambient temperature can be directly 
viewed as the comparison (Pn, T / Pn, normal) of the predicted strength of 
single shear bolted connection at elevated temperatures (Pn, T) with that 
at ambient temperatures (Pn, normal ), because all of the coefficients in the 
design formulas for the calculation of single shear bolted connections 
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(Pn) are identical for ambient and elevated temperatures. Fig. 2 shows 
the deterioration of the test strengths of the single shear bolted 
connections of G500 1.20mm thin sheet steel as the temperature 
increases. The horizontal axis plotted the temperature. The vertical axis 
represents the normalized fu, T / fu, normal and Pn, T / Pn, normal. The test 
strengths of the bolted connections demonstrated a rapid decrease from 
300ºC to 600ºC with approximately 80% strength lost, which is similar 
to the deterioration of the tensile strength of the material properties. 
 
 
VARIATION OF THE FAILURE MODES AT ELEVATED 
TEMPERATURES 
 
The observed failure modes of each specimen are listed in Table 5. „B‟ 
represents the bearing failure; „N‟ means the net section tension failure; 
„T‟ is short for tear out failure; „BS‟ stands for the bolt shear failure. 
Some specimens failed by combined failure modes, such as „B+N‟ that 
represents the specimen failed by combination of bearing and net 
section tension failure modes. Generally, most of the specimens were 
failed by bearing failure. Based on the experimental observation, it is 
found that the characteristics of the bearing failure mode, such as the 
bolt hole elongated, the tilting of the bolts, the steel material piling up 
in front of the bolts developed in high temperature. Fig. 6 shows the 
bearing failure for specimen 120-B1-M8 at relatively higher 
temperature range from 300 ºC to 900 ºC.  
 
The bolt shear failure mode was observed for most of the specimens at 
the temperature of 900ºC except for 120-B2-P-M8. This specimen did 
not fail at the connection, but failed in the sheet steel beyond the 
overlapped connection part at 900ºC, which was defined as material 
failure and the symbol (MF) is used. The net section tension failure 
mode was found in specimens 120-B2-P-M8 and 120-B2-V-M6. The 
bearing effect became more and more exaggerated as the temperature 
increases for these two specimens. Based on the tested specimens, the 
minimum distance requirement for bearing according to most of the 
standards, namely 3d from the center of bolt hole to the end of the plate 
or between centers of bolt holes, could generally maintain the bearing 
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failure for fire conditions. Although the bolt shear failure was 
deliberately avoided in the design of the test specimens at ambient 
temperature, this failure mode was observed for most of the specimens 






An experimental investigation on the strengths and failure modes of 
single shear bolted connections of G500 1.20mm thin sheet steel at 
elevated temperatures has been presented. The coupon tests were 
conducted in order to investigate the deterioration of the material 
properties at elevated temperatures and to determine the critical 
temperatures for the bolted connections. A total of 47 connection 
specimens varied in bolt size and bolt arrangement were tested in 7 
different temperature levels. The coupon tests and the connection tests 
were conducted using the steady state test method. The 0.2% proof 
stresses (f0.2) and tensile strengths (fu) of G500 1.20mm thin sheet steel 
obtained from the coupon tests were compared with the values 
predicted by Chen and Young‟s proposed equations (Chen and Young 
2007). The comparison shows a rapid drop in both f0.2 and fu in the 
temperature range 300 – 600ºC. 
 
The test strengths of the single shear bolted connections obtained from 
the tests were compared with the predicted values calculated using the 
American, Australian/New Zealand and European specifications for 
cold-formed steel structures by substituting the reduced material 
properties at elevated temperatures. It is shown that the American and 
Australian/New Zealand predications are generally conservative, 
whereas the European predications are even more conservative at 
elevated temperatures. The comparison of the test strengths of single 
shear bolted connections with the tensile strengths of the material 
properties of the G500 1.20mm sheet steel obtained from the coupon 
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APPENDIX - NOTATION 
 
The following symbols are used in this paper: 
 
d = nominal bolt diameter  
do = nominal diameter of the hole (Standard hole) 
Enormal = elastic modulus at normal room temperature 
ET = elastic modulus at temperature TºC 
f0.2 = 0.2% proof stress 
f0.2, normal = 0.2% proof stress at normal room temperature 
f0.2, T = 0.2% proof stress at temperature TºC  
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fu = tensile strength of sheet steel 
fu, normal = tensile strength of sheet steel at normal room temperature 
fu, T  = tensile strength of sheet steel at temperature TºC 
Pn = predicted strength of single shear bolted connection 
Pn-AISI = predicted strength of single shear bolted connection based on 
AISI S100 and AS/NZS 4600 
Pn-EC3 = predicted strength of single shear bolted connection based on 
EC3 
Pu, normal = test strength of single shear bolted connection at normal 
room temperature 
Pu, T = test strength of single shear bolted connection at temperature TºC 
t = uncoated sheet (base metal) thickness 
εf, normal = strain at fracture at normal room temperature 
εu, normal = ultimate strain at normal room temperature 
εu = ultimate strain 
εu, T = ultimate strain at temperature TºC 
518

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































f0.2,T of 1.20mm coupon tests






f0.2,T by Chen&Young Equation
for G450 1.9mm
f0.2,T by Chen&Young Equation
for G550 1.0mm
fu,T by Chen&Young Equation
for G450 1.9mm
fu,T by Chen&Young Equation
for G550 1.0mm
 
Fig. 2. Comparison of test results with material tests of G500 














(a) B1 test specimen 
 
 
(b) B2-P test specimen 
 
 
(c) B2-V test specimen 
 












































(b) Elevated temperature 
 


















































(a) 302 ºC 
  
(b) 448 ºC 
  




(d) 741 ºC 
  
(e) 892 ºC 
 
Fig. 6. Failure modes of 120-B1-M8 specimens at elevated 
temperatures 
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